Knowing which genes contribute to natural variation in learning and memory would help us understand how differences in these cognitive traits evolve among populations and species. We show that a natural polymorphism at the foraging (for) locus, which encodes a cGMP-dependent protein kinase (PKG), affects associative olfactory learning in Drosophila melanogaster. In an assay that tests the ability to associate an odor with mechanical shock, flies homozygous for one natural allelic variant of this gene (for R ) showed better short-term but poorer long-term memory than flies homozygous for another natural allele (for s ). The for s allele is characterized by reduced PKG activity. We showed that for R -like levels of both short-term learning and long-term memory can be induced in for s flies by selectively increasing the level of PKG in the mushroom bodies, which are centers of olfactory learning in the fly brain. Thus, the natural polymorphism at for may mediate an evolutionary tradeoff between short-and long-term memory. The respective strengths of learning performance of the two genotypes seem coadapted with their effects on foraging behavior: for R flies move more between food patches and so could particularly benefit from fast learning, whereas for s flies are more sedentary, which should favor good long-term memory.
L
earning and memory allow an individual to develop an adaptive behavioral response to a novel situation, even one never encountered in the evolutionary past of the species. The ability to learn may thus be regarded as one of the more remarkable products of biological evolution. Yet, our understanding of how changes in learning ability evolve remains rudimentary (1) . In particular, we know almost nothing about the genetic and molecular nature of heritable variation in learning performance. This variation is the raw material of evolution. Thus, knowing which genes contribute to natural variation in learning ability would help us understand how differences in learning ability and memory evolve among populations and species. It would also offer insights into the tradeoffs constraining the evolution of improved learning performance (1) (2) (3) .
That natural populations harbor heritable variation affecting learning and memory has been demonstrated by artificial selection experiments, which succeeded in elevating learning performance in rats (4), blowflies (5) , and Drosophila (6, 7) . However, the genes underlying these experimentally induced evolutionary changes have not been identified. Mutants with major defects in learning or memory, a number of which are known in Drosophila (8) (9) (10) (11) , Caenorhabditis elegans (12, 13) , and rodents (14, 15) , tell us little about how genes contribute to the normal range of individual differences in learning abilities within a species. So far, the only polymorphic genes thought to contribute to natural variation in learning performance, in any species, have been recently identified through polymorphism-association studies in humans (16, 17) . However, given the obvious constraints on human research, it will be difficult to study the evolutionary forces acting on these allelic variants and maintaining the polymorphisms. More insights into those forces could be gained from studying genes contributing to variation in learning performance in natural populations of model organisms, such as Drosophila. As a candidate for such a gene, we focused on an already well characterized natural polymorphism.
The gene foraging ( for), which encodes a cGMP-dependent protein kinase (PKG), occurs in two common variants (alleles) in natural populations of Drosophila melanogaster. Flies carrying the so-called ''rover'' allele ( for R ) show higher PKG activities and move more while feeding than those homozygous for the ''sitter'' allele ( for s ) (18) (19) (20) . Rovers are also more responsive to sucrose and show slower habituation of this response than sitters (21) . Under laboratory conditions, the evolutionary success of rovers vs. sitters is affected by population density (22) and may be maintained by negative frequency-dependent selection (23) . Both density and frequency dependence are likely to contribute to the maintenance of this polymorphism in nature. The implication of mammalian PKG in neurotransmission, synaptic plasticity, and motor learning (24, 25) makes this polymorphism a promising candidate for the identification of natural alleles that affect learning and memory. Here we show that this natural polymorphism affects associative learning: flies carrying the natural allele for R show better short-term learning response but poorer long-term memory than flies homozygous for the other natural allele, for s . We verify these antagonistic effects with mutants and transgenes and show they are mediated by localized expression of for in the mushroom bodies, known to be centers of olfactory learning in the fly's brain.
Results
We used an aversive olfactory conditioning assay (3) to compare the learning performance of flies homozygous for the natural rover ( for R ) and sitter ( for s ) alleles. Flies were conditioned to associate one of two odors (octanol or methylcyclohexanol) with mechanical shock and were subsequently tested for choice between these odors in a T-maze (Fig. 1A) . Fifteen minutes after a single conditioning trial, the for R strain showed a significantly stronger avoidance of the odor previously associated with shock than the for s strain (Fig. 1B) . A similar pattern was observed in flies assayed 15 min after a spaced conditioning protocol, which consisted of five rounds of conditioning separated by 20-min rest intervals (Fig. 1B) . The strains did not differ in their response to the odors in the absence of conditioning [supporting information (SI) Fig. 4 ], which makes it unlikely that the differences in learning performance are because of differences in olfactory perception. Thus, the for R strain showed a stronger short-term response to conditioning.
Subsequently, we studied the effect of for alleles on consolidated memory. Drosophila have two mechanistically distinct forms of consolidated memory, which can last for Ͼ24 h: anesthesia-resistant and long-term memory (10, 26) . Long-term memory is more stable, requires protein synthesis and, in classical aversive conditioning, forms only after repeated conditioning cycles separated with rest intervals (spaced protocol) (3, 10, 26) . In contrast, anesthesia-resistant memory does not depend on protein synthesis and can also form when conditioning is carried out without rest intervals (massed protocol) (10, 26) . No difference between the strains was observed 24 h after a massed conditioning protocol (Fig. 1B) , indicating no difference in anesthesia-resistant memory. In contrast, 24 h after the spaced conditioning protocol, the for R strain showed weaker memory of the association between an odor and shock than for s (Fig. 1B) , a difference due to long-term memory. Thus, the natural polymorphism at for has antagonistic effects on different aspects of learning performance: compared with the for R strain, for s flies perform poorly shortly after conditioning but show better long-term memory retention.
The strains carrying the natural for R and for s alleles differ with respect to their genetic background at chromosome 2, where the for locus is located. To substantiate the role of for in causing the differences in memory reported above, we also assayed flies homozygous for a mutant sitter allele, for s2 , generated on a for R genetic background (18, 21) . These mutant flies are similar to the for s flies in having both reduced PKG levels and sitter-like foraging behavior (18, 20) . In all assays, the learning performance of the for s2 mutant flies was indistinguishable from flies homozygous for the natural allele for s (Fig. 1B) . Because the for R and for s2 strains are isogenic except at the for locus, this demonstrates the differences in learning and memory are specific and localizable to for.
Most neuronal processes underlying associative olfactory learning in Drosophila, including memory formation and retrieval, occur in a paired neuropil structure in the brain called the mushroom bodies. The intrinsic neurons of the mushroom body (Kenyon cells) can be divided in three subsets based on the targets of their axonal projections, one subset project to the ␣ and ␤ lobes of the mushroom body, another to ␣Ј and ␤Ј lobes, and a third to ␥ lobes (10). Significantly, using immunostaining, we found that FOR is expressed in the mushroom bodies, including all three subsets of mushroom body neurons (Fig. 2) . (FOR is also expressed in several clusters of neurons outside of the mushroom body; detailed analysis is reported in ref. 27.) Although no differences in the spatial pattern of FOR expression between for R and for s flies have been detected (27) , the heads of for R flies show higher PKG activity than those of for s and for s2 (18) . Therefore, we tested whether for R -like learning and memory performance may be induced by increasing the level of PKG in the mushroom bodies of for s flies. The GAL4-UAS dual system is a standard Drosophila technique used to express a gene of interest in specific organs or tissues, the specificity being determined by the identity of the GAL4 enhancer-trap driver (28) . We used three GAL4 drivers with expression in the mushroom bodies (30Y, c739, and 201Y; Fig. 3A ) to drive expression of the UAS-forT2 transcript (18) in flies homozygous for for s . These flies showed improved 15-min memory scores, similar to those observed in for R flies and significantly higher than the controls (Fig. 3B) . Concomitantly, their long-term memory was significantly reduced to, or below, the levels typical for for R flies (Fig. 3C ). All three GAL4 drivers were expressed in the mushroom body neurons projecting to the ␣/␤ lobes (although for 201Y the expression was weak), and c739 in particular seems to be specific to these neurons ( Fig. 3A ; see also refs. [29] [30] [31] . Thus, expression of forT2 in the ␣/␤ mushroom body neurons is sufficient to induce for R -like learning performance in for s flies. These results suggest that the modulating effect of allelic variants of for on olfactory learning and memory occurs in the mushroom bodies, in particular in their ␣/␤ neurons. The time course of one conditioning cycle. Flies were exposed to one odorant (CSϩ) and simultaneously subject to mechanical shocks. After a 60-s pause, during which they received clean air, they were exposed to another odor (CSϪ) without shocks. Octanol and methylcyclohexanol were used as odorants. Conditioning consisted of a single cycle, of five cycles separated by 20-min intervals (spaced protocol), or of five cycles immediately following one another (massed protocol). Memory tests were carried out in a T-maze 15 min or 24 h after the end of conditioning. (B) Mean memory index (ϮSEM) of flies homozygous for natural rover ( for R ) and sitter alleles ( for s ) and for sitter mutant ( for s2 ) generated on the for R genetic background. For each assay, two separate experiments were carried out several generations apart, with a total of 16 -20 replicate values of memory index per assay and strain. Significance was tested with Tukey's test following an ANOVA controlling for block effect: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. 
Discussion
Our results show that the rover/sitter polymorphism contributes to genetic variation in associative learning in natural populations of Drosophila. Furthermore, the effects of these alleles on learning performance shortly after conditioning and on longterm memory are antagonistic. Thus, variation in for may mediate an evolutionary tradeoff between short-and long-term memory. Finally, our results point to the mushroom bodies, which are centers of olfactory learning in the fly brain (10) , as the spatial focus of the action of PKG (the enzyme encoded by for) on learning performance. In the following, we first place our findings in the context of what is known about the role of PKG in learning and memory and then discuss their ecological and evolutionary implications.
PKG in Neuronal Processes
Underlying Learning and Memory. The cellular functions of PKG are poorly elucidated, and its downstream effectors, for the most part, are unknown. Mammalian PKG (also called cGKI) plays a role in synaptic plasticity (long-term potentiation and depression) and seems to act both pre-and postsynaptically as a downstream component of nitric oxide signaling (24) . Mice deficient in cGKI are defective in a cerebellum-dependent motor-learning task (32), but their performance in hippocampus-dependent learning is apparently not affected (33) . However, pharmacological potentiation of NOcGMP signaling was reported to improve the performance of mice in a hippocampus-dependent learning task, the water maze (34), whereas pharmacological inhibition of PKG impaired memory retrieval in chickens (35) . Finally, NO-cGMP signaling was recently shown to interact with a cAMP-dependent mechanism in long-term memory formation in crickets (36) . Although pharmacological inhibition of PKG had no effect on memory in that study, it indicated that memory processes dependent on cGMP may run in parallel to processes mediated by other signaling pathways, like the rut adenylate cyclase-dependent memory trace (10, 29, 36) .
Interactions between such parallel pathways might be responsible for the antagonistic effects of for-PKG on short-and long-term memory, which we report here. Yet, long-term memory is thought to form on the basis of short-term memory (with middle-term memory being an intermediate step) (10, 11) , so one would rather expect them to be positively correlated. A positive correlation between short-term learning performance and long-term memory was observed in fly populations subject to selection for improved performance in an ecologically relevant oviposition learning task (37) . The antagonistic effects of FOR on short-term learning performance and long-term memory we report here are thus unexpected and call for more research on the role of cGMP-dependent processed in memory formation.
Although we can only speculate about the mechanism by which for-PKG acts to modulate learning and memory, our findings clearly point to mushroom bodies as the spatial focus of its action. We found FOR expressed in all three subsets of mushroom body neurons (␣/␤, ␣Ј/␤Ј, and ␥). However, transgenic expression of forT2 transcript restricted to the ␣/␤ neurons was sufficient to induce for R -like pattern of short-and long-term memory in for s flies. The ␣/␤ neurons play a central role in olfactory memory: memory retrieval relies on synaptic output from these neurons (30, 31) , and the ␣ lobes contain a long-term memory trace (38, 39) . However, we cannot exclude a role of FOR in ␣Ј/␤Ј and ␥ neurons, which have also been implicated in olfactory learning (29) (30) (31) . In particular, the GAL4 driver 201Y shows only weak expression in the ␣/␤ neurons and apparently only in those that project to the cores of the ␣/␤ lobes; this line seems to express more strongly in the ␥ neurons (see also ref. 29 ). Yet, using it to drive the expression of forT2 had the same effect on learning performance as that using the other two driver lines. This implies either that a low level of forT2 expression in the ␣/␤ neurons is sufficient for the full effect on short-and long-term memory, or that forT2 expression in the ␥ neurons also contributes to this effect. Identification of GAL4 lines specific to ␣Ј/␤Ј and ␥ neurons (30, 31) will help to resolve the effect of for expression in those neurons on memory formation and consolidation.
Ecological Significance of for 's Effects on Learning.
There is a wealth of evidence for the ecological significance of learning in a variety of insects (1, (40) (41) (42) (43) (44) (45) (46) . In Drosophila, experimental data suggest that larvae use learning to find food and avoid predators (47); oviposition substrate choice of females is modified by experience (7); and males learn to discriminate against heterospecific females (48) and to recognize unreceptive females of their own species (49), as well as refine their courtship behavior (50) . Thus, even though our understanding of ecological aspects of learning in fruit flies is still rudimentary, there is evidence that it contributes to their fitness under natural conditions. This would explain why Drosophila are capable of learning, despite learning ability being a costly adaptation (2, 3, 51) . But is the effect of for polymorphism on learning and memory ecologically relevant? The classical conditioning paradigm used in this paper allows us to control the amount of shock and odors received by the flies and to dissect the memory dynamics, but its relevance to situations in which Drosophila learn in nature is unclear. Nonetheless, different forms of olfactory learning, involving different contexts and stimuli, rely at least in part on the same genes and neural circuits (10, 52) and are affected by the same naturally occurring genetic variation (37) . In accord with that notion, the for alleles also affect larval appetitive learning (53) . Thus, it is The symbols indicate the significance of a contrast between a given GAL4 ϫ UAS line and the two corresponding controls (GAL4 ϫ w;for s and w;for s ϫ UAS) in the ANOVA, * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. reasonable to expect that the learning and memory differences among for genotypes will affect their learning performance in nature and thus may contribute to natural selection on this polymorphism.
The extent to which learning ability is favored by natural selection and which aspects are favored should depend on the environment (1, 54) . In particular, fast learning would be highly advantageous if the environment changed frequently within the lifetime of an individual, whereas good long-term memory would be particularly useful in more stable environments. Arguably, rover ( for R ) flies are more prone to encounter different environments within their lifetime than sitter ( for s ) flies; they spend less time feeding at one location, both as larvae and as adults, and are more likely to leave a patch of food in search of another one (18) (19) (20) . It is thus tempting to speculate that the superior short-term learning performance of for R flies and the good long-term memory of for s flies form elements of complex rover and sitter evolutionary strategies, respectively adapted to variable and constant environments. However, one might also argue that rover flies would benefit from good long-term memory if they revisit places visited previously; resolving this argument would require a better understanding of Drosophila field ecology than we have currently. In the absence of evidence, it is more parsimonious to regard the antagonistic effects of the for alleles on short-term learning and long-term memory as a mechanistic consequence of the role of PKG in neuronal processes. As discussed above, too little is known about this role to understand the mechanism of this antagonism. It is also not clear whether this antagonism is typical for natural allelic variants, leading to a strong tradeoff between short-and long-term memory. The pattern of genetic correlations among different memory phases in natural gene pools has not been investigated, except for one study where both short-term learning rate and long-term memory improved in response to selection on learning performance in an ecologically relevant task (37) .
Whether they form part of coadapted alternative strategies or are mechanistic consequences of differences in PKG activity, the learning and long-term memory differences among for genotypes are likely to contribute to natural selection on the allelic variants of for polymorphism. However, in addition to its effect on learning, the for polymorphism influences a number of other behavioral and physiological traits of ecological relevance (19, 22, 55, 56) . It also affects larval competitive ability in a densitydependent manner, whereby high population density favors the for R allele and low density favors the for s allele (22) . Furthermore, under some circumstances, negative frequency-dependent selection seems to favor whichever of the two alleles is currently rare (23) , likely contributing to the maintenance of this polymorphism in nature. Thus, the overall force of selection acting on the for alleles will reflect the aggregate impact of their manifold pleiotropic effects on survival and reproduction. If such a high degree of pleiotropy were typical of natural alleles affecting learning, there would be two important consequences for evolution of cognitive traits. First, evolutionary changes in learning ability would be associated with changes in other ecologically relevant traits. Second, improved learning or memory might evolve as a byproduct of natural selection on other traits rather than because of fitness advantages of learning itself.
Materials and Methods
Fly Strains. We used isogenic strains homozygous for for R , for s , and for s2 , which were maintained at the University of Toronto until a few generations before the experiments. The for R (rover) and for s (sitter) strains carry natural allelic variants of the for gene, which is located on chromosome 2. To control for genetic background, they have coisogenic third chromosomes (originating from the rover strain) and shared X-chromosomes. The for s2 strain is a sitter mutant generated on a rover for R genetic background (20) , such that for s2 differs from for R only in their alleles at for. The heads of for s and for s2 flies have significantly lower PKG enzyme activity than those of the for R strain (18).
GAL4 Lines. All of the UAS and GAL4 constructs used for the behavioral assays were crossed into a white 1 (27, 57) . To express forT2 we crossed the w 1 ; for s ;UAS-forT2 line to an appropriate GAL4 line (28) and tested the progeny of these crosses. The progeny of a cross between each of the GAL4 lines to w 1 ;for s and of the UAS-forT2 line to w 1 ;for s were used as negative controls.
Experimental Conditions. All flies were cultured on a standard cornmeal medium. Flies were bred, conditioned, and tested at 25°C. When testing was performed 24 h after conditioning, the flies spent the 24 h between conditioning and testing at 18°C; this temperature is more conducive to long-term memory formation and/or maintenance (26) . The flies to be assayed for learning were never anesthetized.
Learning Assays. We used a classical conditioning assay in which flies associate an odor with mechanical shock (3). Conditioning and memory tests were performed on samples of Ϸ50 adult flies (sexes mixed), aged 3-5 days. Three conditioning protocols were used: (i) a single conditioning cycle, (ii) five conditioning cycles separated by 20-min intervals (spaced protocol), and (iii) five conditioning cycles immediately after one another (massed protocol). In each conditioning cycle, flies were first exposed for 30 s to one odorant and simultaneously subject to a mechanical shock (2,000-rpm vibration pulses of 1-s duration, delivered every 5 s by a test tube shaker). This period was followed by a 60-s rest period (no odor and no shock). Then, for 30 s, another odorant was delivered without a shock. The conditioning round ended with a second rest period of 60 s. 3-octanol and 4-methylcyclohexanol (both 0.6 ml/l of paraffin) were used as odorants. We tested 15-min or 24-h memory retention. Flies were transferred to the choice point of a T-maze, at which time they were exposed to two converging currents of air, one carrying octanol and the other methylcyclohexanol, and allowed to choose between the two odors for 60 s. The count of flies in each arm of the maze after 60 s was used to calculate the proportion of flies choosing (i.e., moving toward) octanol. Flies that remained in the entry chamber of the T-maze were excluded from this calculation; their number did not differ significantly in any assay among the for strains (ANOVA, all P Ͼ 0.25) or among the transgenic lines (all P Ͼ 0.3).
For the analysis, a unit of replication consisted of two samples of 50 flies. One sample was conditioned to avoid octanol and the other to avoid methylcyclohexanol; a single value of the memory index was calculated as the difference in the proportion of flies choosing octanol between these two samples. For statistical comparison of the memory indices (but not for graphical representation of the data), all proportions were arcsine-squareroot-transformed before the analysis (58) . To compare the memory index among lines, we used an ANOVA. The assays were carried out over several days, in blocks consisting of one replicate of each line. A block effect was thus included in the ANOVA as a random factor (58) . To test for differences in the memory index between the GAL4 ϫ UAS cross and corresponding control crosses (GAL4 ϫ w 1 ; for s and w 1 ; for s ϫ UAS), we used a planned contrast within the ANOVA framework (58) .
